Introduction
Among the various cancer treatment strategies, oncolytic adenoviruses (Ads) are a promising therapeutic strategy with numerous biochemical advantages. First, oncolytic Ads specifically infect cancer cells, which often have defects in the factors that guard against viral replication, such as endogenous tumor suppression proteins (p53, pRb, p14ARF, etc.) [1] [2] [3] [4] [5] [6] . Second, oncolytic Ads destroy host cells at the end of their lytic cycles and spread 1000-10,000 viral progeny copies per cell, leading to further infection and subsequent eradication of neighboring cancer cells [7] . Third, oncolytic Ads are potent and efficient viral vectors in both dividing and non-dividing cells, and can be concentrated at high titers [8] . All Ad serotypes except group B, use coxsackie and adenovirus receptor (CAR) to initiate cell binding. Subsequent interaction between an RGD motif at the penton base protein of Ad with cell integrins (α v β 1 , α v β 3 , or α v β 5 ) allows for virus entry through clathrin-mediated endocytosis. Despite these advantages, however, issues with immunogenicity and CAR dependency to infect cells must be overcome before Ads can be developed as therapeutic agents against metastatic cancers.
These issues are magnified when Ads are delivered systemically. Intravenously delivered Ads are inactivated and cleared by both innate and adaptive immune responses, limiting the benefit of repeated or high-titer administrations of Ad [9] . Moreover, the non-specific liver accumulation of Ads by Kupffer cells and the interactions of Ads with platelets and erythrocytes [10] [11] [12] lead to toxic interactions, the quick elimination of Ads, and generally low antitumor effects [13] . In order to be successful, however, an Ad-based therapy against both primary and metastatic cancers must be able to be administered systemically. Thus, alternative strategies that utilize hybrid systems (i.e., combinations of viral and non-viral systems) have been proposed [14] .
Hybrid systems utilizing viral surface modifications have been explored for their potential to overcome biochemical and immunological barriers. There are two main strategies for surface modification of Ads. In the first, free amines are conjugated onto the surface of Ads using functional polymers such as polyethylene glycol (PEG) [15, 16] , arginine-grafted bioreducible polymer (ABP) [17, 18] , or N-(2-hydroxypropyl) methacrylamide [19, 20] . This strategy allows the complex to evade capture by immune cells and neutralization antibodies, increasing its plasma circulation while decreasing liver toxicity and the immune response. However, this covalent conjugation abrogates CARmediated endocytosis because the Ad fibers (which are crucial to cell entry) are obstructed by steric hindrance from the polymeric chains. To improve upon these issues, PEGylated Ad surface complexes have been further conjugated with active targeting moieties, such as antibodies, growth factors, and small peptides [9, [21] [22] [23] [24] [25] . However, such active targeting strategies have yielded only modest antitumor efficacy, largely because the targeting reactions do not cover all the heterogeneous cell morphologies, phenotypes, properties, antigen expression patterns, and inherent/acquired drug resistances of tumor tissues [26] . For example the monoclonal antibody, Herceptin, specifically binds to the HER2/ neu receptor and is widely used to treat both metastatic and early breast cancer. However, HER2/neu is only overexpressed in 20-30% of breast cancer patients [9] , making Herceptin-based strategies ineffective in many cases.
The second strategy for surface modification is to use electrostatic interactions to join positively charged polymers, such as polyethylenimine [27] , ABP [18] , poly(amido amine) [28] , chitosan [29] or methoxy poly(ethylene glycol) [30] , with the negatively charged Ad surface. Ad-cationic-polymer complexes have net positive zeta potentials, and thus can interact with negatively charged cell membranes for enhanced internalization. Moreover, the cationic polymer coating can easily dissociate in endosomes, effectively releasing the Ads through the proton-sponge effect [31] . For example, ABP, which has reducible disulfide bonds in the backbone, has been shown to greatly improve the transduction efficiency of Ads while lowering their therapeutic cytotoxicity [18] . However, positively charged Ad/polymer complexes possess poor tumor selectivity due to their nonspecific uptake and interactions with negatively charged cell membranes [32] , limiting the overall effectiveness of such therapies. Thus, despite the advantages of these Adsurface modification strategies, we need new targeting methods that can exploit a consistent characteristic of tumor tissues.
Tumors exhibit increased proliferation and angiogenesis, and thus their microenvironments differ from those of normal tissues. Tumor tissues are often hypoxic (lacking adequate oxygen) and characterized by a lower pH relative to non-tumor tissues [33] . Hypoxia is generally considered to be a negative factor in cancer, as it contributes to chemoresistance and metastasis. It is rare in normal tissues, however, meaning that hypoxia and low pH could potentially be targeted by anticancer drugs. To our knowledge, however, no previous study has reported a detailed investigation of a hypoxia-responsive oncolytic Adnanoparticle-hybrid delivery system for cancer therapeutics.
In this study, Ads coated with a pH-responsive histidine moietycontaining polymer, methoxy poly(ethylene glycol)-b-poly(L-histidine)-poly(L-phenylalanine) (3.3 K, PHF; H:F = 23:1) (abbreviated as PEGbPHF) [34] , were generated using electrostatic interactions between the positively charged cationic polymer and the negatively charged surface of the Ad. Designated Ad/PEGbPHF, these complexes were investigated for their ability to target and exhibit therapeutic efficacy to hypoxic tumor microenvironments. We hypothesized that: 1) Ad/PEGbPHF would show long-term circulation in the blood (neutral pH; 7.4) due to the immune-masking effect of PEG; and 2) Ad/PEGbPHF, which has a pK a value of around 6.5, would undergo protonation of the imidazole ring in its histidine portion upon exposure to the hypoxic tumor microenvironment, facilitating the cellular uptake due to strong bind affinity with negatively charged cell membrane, triggering the endosomal escape of complex, and releasing the Ads into cytosol. Collectively, our results show for the first time that oncolytic Ad/PEGbPHF can target the hypoxic tumor microenvironment and improve the therapeutic efficacy of hybrid oncolytic Ad nanocomplexes in vitro and in vivo.
Materials and methods

Cell culture and preparation of Ad
All cell lines were cultured in Dulbecco's modified Eagle's medium (DMEM; GIBCO-BRL, Grand Island, NY) supplemented with 10% fetal bovine serum (FBS; GIBCO-BRL) at 37°C in a humidified atmosphere containing 5% CO 2 . A human embryonic kidney cell line expressing the Ad E1 region (HEK 293), two human brain cancer cell lines (U343 and U87), a lung cancer cell line (A549), and a human breast cancer cell line (MCF7) were purchased from the American Type Culture Collection (ATCC, Manassas, VA). The in vitro adenoviral gene delivery efficiency was examined with a green fluorescence protein (GFP)-expressing Ad E1A gene-deleted replication-incompetent Ad (dE1/GFP) [18, 25] . KOX, which is a VEGF promoter-targeting transcriptional repressor zincfinger protein-expressing oncolytic Ad with a mutated E1A region and a deletion of the E1B region, was generated and characterized as previously described [35, 36] . KOX and dE1/GFP were propagated in HEK293 cells and purified by the CsCl gradient method. The Ad viral particle (VP) number was estimated by measuring the optical density at 260 nm (OD 260 ), for which an absorbance value of 1 was equivalent to 1 × 1.1 × 10 12 viral particles/mL (VP/mL) [37] . Purified viruses were stored at −80°C until use.
Physicochemical characterization of naked Ad and Ad/PEGbPHF complexes
The average size and zeta potential of the Ad/PEGbPHF complexes were measured with a Zetasizer 3000HS (Malvern Instruments, Inc., Worcestershire, UK) with a He-Ne laser beam (633 nm, fixed scattering angle of 90°) at 25°C. Electrostatic complexation of dE1/GFP with PEGbPHF was performed at molar ratios ranging from 5 × 10 4 to 1 × 10 6 polymer molecules/Ad particle at pH 7.4. Briefly, various molar ratios of PEGbPHF were mixed with Ad (1 × 10 10 VP), gently aspirated with a pipet tip, and incubated at room temperature for 30 min. HEPES (H0887; Sigma, St. Louis, MO) was added to a final volume of 1.0 mL prior to analysis. The sizes and zeta potential values are presented as means and standard deviations from three measurements.
Gel-retardation assay
To assess the Ad-encapsulating ability of PEGbPHF, various molar ratios 
Transmission electron microscopy (TEM) imaging
The naked dE1/GFP and dE1/GFP/PEGbPHF complexes (molar ratio, 1 × 10 6 ) were incubated for 30 min, and morphologies were characterized by TEM (JEM-2000EXll, JEPL; Nikon, Tokyo, Japan) at 200 kV.
Assaying the transduction efficiency of dE1/GFP/PEGbPHF
The transduction efficiencies of dE1/GFP or dE1/GFP/PEGbPHF complexes of different molar ratios were measured by fluorescent microscopic quantification of GFP expression and fluorescence-activated cell sorting (FACS) analysis in CAR-positive U343 and A549, and CARnegative MCF7 cells. Each cell line was seeded at a density of 1 × 10 5 cells/well in a 12-well plate. After 24 h, the cells were transduced with naked dE1/GFP or dE1/GFP/PEGbPHF, using 10 (U343, A549) or 100 (MCF7) MOI at pH 7.4 or pH 6.4 for 45 min, then changed with 5% FBS containing media. Similarly, the transduction efficiency of dE1/GFP/ PEGbPHF complexes at different pHs (6.4, 6.6, 6.8, 7 .0, 7.4), were also measured in CAR-positive (U343 and A549) and CAR-negative (MCF7) cells. After 48 h of transduction at 37°C, the cells were observed with a fluorescence microscope (Olympus IX81; Olympus Optical, Tokyo, Japan). Cells were also viewed with a BD FACScan analyzer (BectonDickinson, San Jose, CA) and assessed with the CellQuest software (Becton-Dickinson). The data are presented as the means and standard deviations of three measurements.
VEGF quantification
KOX is an oncolytic Ad expressing VEGF promoter-targeting transcriptional repressor zinc-finger protein which can suppress VEGF expression. Thus, we evaluated the VEGF level upon infection with either KOX or KOX/PEGbPHF. The expression levels of VEGF were quantified using a human VEGF Quantikine Immunoassay kit (R&D Systems, Minneapolis, MN), according to the manufacturer's recommendations. Serial dilutions of a known purified recombinant human VEGF were used to establish a standard curve. Briefly, 5 × 10 5 cells/well were plated onto a 6-well plate in a medium containing 5% FBS, incubated for 24 h, infected with KOX or KOX/PEGbPHF at 10 (U87) or 2 (U343 and A549) MOI, or mock-infected with PBS as a control, all at pH 7.4 or 6.4. VEGFcontaining media were harvested at 48 h after infection, and the secreted VEGF was measured with the abovementioned ELISA kit.
Cancer cell migration assay
Cancer cell migration was assessed using BD Falcon cell culture inserts containing polyethylene terephthalate membranes (8 μm pore size; BD Biosciences, Bedford, MA). U343 or A549 cells were treated with PBS, KOX, or KOX/PEGbPHF (2 MOI) for 24 h, at pH 7.4 or 6.4. Infected cells were placed in the upper chamber of the transwell apparatus and incubated at 37°C for 4 h. The cells remaining on the upper part of the filter were removed, the filters were stained with eosin, and the migrated cells were counted from eight randomly selected fields.
Ex vivo assay of aortic ring sprouting
Aortas were obtained from Sprague-Dawley rats (6-weeks-old; Orientbio, Kyunggido, Korea), the surrounding fibroadipose tissues were removed, and the aortas were cut into 1-mm ring segments. The aortic rings were placed on growth-factor-reduced Matrigel (BD Biosciences)-coated plates (48-well), and then overlaid with 50 μL of Matrigel and conditioned media (250 μL) from U343 cells treated with PBS, KOX, or KOX/PEGbPHF at pH 7.4 or 6.4. On day 7, each ring was photographed (× 50) and scores from 0 (least positive) to 5 (most positive) were assigned in a double-blinded manner.
2.9. The proton sponge effect of the Ad/PEGbPHF complexes A549 cells were pre-treated with chloroquine (endosome disrupter) at 5 and 20 μM for 30 min. Naked dE1/GFP or dE1/GFP/PEGbPHF complexes were then added in the presence or absence of chloroquine for an additional 2 h. Cells were washed with PBS and incubated for 48 h in DMEM/5% FBS. Cells were then visualized by fluorescence microscopy, and GFP expression was quantified by FACS analysis.
MTT assay
To evaluate the cancer cell killing effects of KOX or KOX/PEGbPHF at pH 7.4 or 6.4, U87, U343 and MCF7 cells were grown to 50% confluence in 24-well plates, infected with PBS (control), naked KOX or KOX/ PEGbPHF (50 MOI for U87 cells, 10 MOI for U343 cells, and 200 MOI for MCF7 cells), and incubated at 37°C. Two days post-infection, 200 μL of 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-tetrazolium bromide (MTT, 2 mg/mL in PBS; Sigma) was added to each well. The samples were incubated at 37°C for 4 h, the supernatants were discarded, and the precipitates were dissolved in 1.0 mL dimethylsulfoxide. The plates were read on a microplate reader at 540 nm. The number of living cells in a PBS-treated cell group was analyzed similarly as a negative control.
Serum stability of KOX complexed with PEGbPHF
To evaluate the serum stability, naked KOX or KOX/PEGbPHF was mixed with 30% FBS and incubated for 2 or 8 h at 37°C. U343 or A549 cells were treated with 30% FBS-mixed KOX or KOX/PEGbPHF (pH 7.4 and pH 6.4) at an MOI of 10 for 45 min, then media was changed with 5% FBS-contained fresh media. After 48 h of incubation, cell viability was measured by an MTT assay.
Assessment of antitumor efficacy
To assess the antitumor efficacy of KOX/PEGbPHF, subcutaneous U87 tumor xenografts were established by injecting 1 × with a caliper, and tumor volume was calculated according to the formula: tumor volume = 0.523 LW 2 .
Tumor histology and immunohistochemistry
Tumor tissues were collected from mice at 3 days after the final injection, fixed in 4% formalin, and embedded in paraffin for histological and immunohistochemical examinations. Representative sections were stained with hematoxylin and eosin (H&E) and examined by light microscopy. Tumor sections were also stained with anti-mouse proliferating cell nuclear antigen (PCNA; Dako, Glostrup, Denmark) or anti-rabbit E1A (Santa Cruz Biotechnology, Santa Cruz, CA) to assess cancer cell proliferation and viral replication, respectively. To measure capillary density, tumor tissue sections were stained with anti-rabbit CD31 IgG (Abcam, Cambridge, MA). After overnight incubation with primary antibodies at 4°C, tumor sections were treated with an ABCperoxidase kit (ChemMate DAKO Envision Detection kit). Biotinylated secondary IgG (Santa Cruz Biotechnology) was used for the CD31-specific antibody. Blood vessels in tumors were counted as previously described [38] . The most vascular tumor areas were identified on low power (× 100), and vessels were counted from high-power fields (× 400). The data are presented as means ± SE for three tumors per group (six different digital images per tumor). All slides were counterstained with Mayer's hematoxylin.
Assessing tumor and liver tissue distributions by real-time quantitative PCR
Once the U87 tumor volume reached approximately 100-150 mm 3 in size, tumor-bearing mice were injected intravenously with PBS, KOX, or KOX/PEGbPHF (2 × 10 10 VP) three times every other day. At 24 h after the third injection, tumor and liver tissues were harvested, and DNA was extracted using a QIAamp DNA mini kit (Qiagen, Hilden, Germany). The number of viral genomes in each sample was assessed by real-time quantitative PCR, as previously described [9] .
Measurement of inflammatory cytokines and liver toxicity
The inflammatory immune response and liver toxicity were examined after systemic injection of PBS, KOX (2 × 10 10 VP), or KOX/ PEGbPHF (2 × 10 10 VP). At 6 h post-injection, serum samples were harvested by retroorbital bleeding, and serum interleukin 6 (IL-6) levels were quantified using an IL-6 ELISA kit (R&D Systems). To assess liver toxicity, serum samples were collected at 3 days post-injection, and the alanine aminotransferase (ALT) and aspartate aminotransferase (AST) levels were determined (Neodin Corporation, Seoul, Korea). All of the animal experiments were conducted under the institutional guidelines established for the Hanyang University Institutional Animal Care and Use Committee (IACUC).
Statistical analysis
Data are expressed as the means ± standard deviation (SD). The Mann-Whitney test was used for statistical comparisons (SPSS 18.0 software; SPSS, Chicago, IL). Differences were considered statistically significant at P b 0.05.
Results and discussion
Physicochemical properties of Ad/PEGbPHF nanocomplexes
Tumor-microenvironment-sensitive nanoparticles have garnered attention in the field of biomedicine for their ability to easily deliver therapeutic cargoes to a tumor site, leading to enhanced therapeutic efficacy. The block copolymer, methoxy poly(ethylene glycol)-bpoly(L-histidine)-poly(L-phenylalanine), herein called PEGbPHF, is an amphoteric pH-sensitive polymer in which the imidazole ring has a lone electron pair on the unsaturated nitrogen of histidine [39, 40] . The chemical structure of PEGbPHF used in this study was confirmed by 1 H NMR (Supplementary information Fig. S1 ). Further, the potential cytotoxicity of PEGbPHF polymer was evaluated by MTT assay (Supplementary information Fig. S2 ). PEGbPHF polymer didn't exhibit apparent cytotoxicity up to the concentration of 100 μg/mL, whereas non-biocompatible poly(ethylenimine) (25K PEI) showed strong toxicity, showing 16.4% and 17% of cell viability at 100 μg/mL concentration on U343 and A549 cells, respectively. PEGbPHF is also fusogenic, meaning that it can disrupt the enveloping membrane of acidic subcellular compartments; this allows it to elicit efficient endosomal escape, resulting in high gene transfer efficiency [41] . Thus, PEGbPHF-based vectors are thought to have great potential as an acid-triggered, tumor-microenvironment-specific platform. Here, we used PEGbPHF to form a pH-sensitive coating on the surface of Ads, thereby generating tumor-microenvironment-pH-sensitive complex that we then tested in vitro and in vivo.
We first generated GFP-expressing replication-deficient Ad (dE1/ GFP) coated with PEGbPHF, dE1/GFP/PEGbPHF complex, via electrostatic interaction, and used dynamic light scattering and zeta potentials to measure the average sizes and surface charges obtained with increasing molar ratios of PEGbPHF (Fig. 1A) . The diameter increased from 111.5 ± 2.54 nm for naked Ad to 306.05 ± 22.27 nm following electrostatic interaction with the maximum PEGbPHF:dE1/GFP molar ratio of 1 × 10 6 . The surface charge of the complex also increased from −12 mV ± 1.3 mV (for naked Ad) to 4.77 ± 0.58 mV [for Ad/PEGbPHF (molar ratio of 1 × 10 6 )]. Our results indicate that the electrostatic interaction of the cationic PEGbPHF polymer with viral particles increased the diameter and zeta potential of the dE1/GFP/PEGbPHF complexes in a PEGbPHF-molar ratio-dependent fashion. Moreover, to examine the effect of pH on dE1/GFP/PEGbPHF complex, we measured the pHdependent particle size distribution and zeta potentials under various pH ranges (7.4-6.4) (Supplementary information Fig. S3 ). The average sizes of dE1/GFP/PEGbPHF complex were increased with the decrease of pH values, showing 306, 312, 350, 414, and 428 nm at pH 7.4, 7.0, 6.8, 6.6, and 6.4, respectively. The zeta potential value of dE1/GFP/ PEGbPHF complex was also increased with a decrease of pH, showing 4.77, 5.02, 5.61, 8.58 and 11.25 mV at pH 7.4, 7.0, 6.8, 6.6, and 6.4, respectively. These results imply that pH-responsive PEGbPHF copolymer transit pH-dependent micelle-demicelle conversion due to the protonation of imidazole group in the histidine residue, thus increasing both the average size and surface charge of dE1/GFP/PEGbPHF complex.
The formation of dE1/GFP/PEGbPHF complexes through electrostatic interactions between the negatively charged Ad and the positively charged PEGbPHF polymer was further confirmed by a gel-retardation assay. The migration of dE1/GFP/PEGbPHF in the gel was increasingly retarded with greater amounts of PEGbPHF polymer (Fig. 1B) , suggesting that PEGbPHF physically binds to the Ad surface with high efficiency. The zeta potential showed that the dE1/GFP/PEGbPHF complex had a positive charge when the PEGbPHF polymer/Ad molar ratio exceeded 5 × 10 5 . Consistent with these results, when the PEGbPHF polymer/Ad molar ratio exceeded 5 × 10 5 , migration towards the anode was blocked and the DNA bands disappeared.
Next, transmission electron microscopy (TEM) imaging was performed at a polymer/Ad molar ratio of 1 × 10 6 , and the morphologies of naked Ad and the dE1/GFP/PEGbPHF complex were compared (Fig. 1C) . Our TEM imaging studies revealed that naked Ad had a characteristic hexagonal structure and icosahedral shape, and the Ad particles maintained their original shape when complexed with PEGbPHF. These data clearly demonstrate that the negatively charged Ad was adequately complexed with the cationic PEGbPHF.
Moreover, the potential cytotoxicity of Ad/PEGbPHF nanocomplex was assessed by MTT assay. As shown in Supplementary information Fig. S4 , no apparent cytotoxicity was observed in the cells treated with Ad/PEGbPHF up to the ratio of 1:1 × 10 6 ratio (Ad:polymer). Furthermore, to know the colloidal stability of the Ad/PEGbPHF nanocomplex, we measured particle size distribution of Ad/PEGbPHF nanocomplex in PBS buffer at room temperature for 72 h. As shown in Fig. S5 , the average size of Ad/PEGbPHF nanocomplex was not significantly changed over 72 h, implying that PEGbPHF-coated Ad shows good stability under physiological condition.
The transduction efficiency of Ad/PEGbPHF is pH-dependent
To test whether the Ad/PEGbPHF nanocomplexes exhibited efficient pH-dependent transduction, GFP expression was measured in CAR . As shown in Fig. 2 , naked dE1/GFP-transduced U343 or A549 cells exhibited low transgene expression at both of the tested pH values, whereas dE1/GFP/displayed higher transgene expression at pH 6.4 compared to pH 7.4. The level of GFP expression was positively correlated with an increasing polymer/Ad ratio at pH 6.4, demonstrating that this pH-dependent transduction was mediated by the complexed PEGbPHF. At pH 6.4, dE1/GFP/PEGbPHF showed significantly higher GFP expression than naked Ad in both CAR-positive and -negative cells (526-, 1365-, and 8863-fold increases in U343, A549, and MCF-7 cells, respectively; P b 0.01 for U343 and A549 cells, and P b 0.001 for MCF7 cells). These results suggest that complexation with PEGbPHF could potentially overcome the CAR-dependency of Ad-based cancer therapeutics.
To further characterize the effect of dE1/GFP/PEGbPHF on transduction as a function of pH, we transduced U343, A549, and MCF7 cancer cells with dE1/GFP or dE1/GFP/PEGbPHF at different pH levels ranging from pH 7.4 to 6.4. As shown in Fig. 3 , dE1/GFP/PEGbPHF elicited pHdependent gene transfer, with GFP expression progressively increasing as the pH decreased. This suggests that the ionization of the histidine moiety in PEGbPHF increases at a lower pH; this generates a higher net positive charge on the polymer surface, resulting in enhanced cellular uptake. Taken together, these results suggest that Ad/PEGbPHF can target regions of low pH (~pH 6.4), which are a hallmark of the hypoxic tumor microenvironment.
KOX-expressing oncolytic Ad/PEGbPHF downregulates angiogenesis in vitro and ex vivo
Malignant tumors are characterized by hypoxic conditions and high metabolic activity, and fuel their aggressive growth by using an autocrine agent (e.g., VEGF) to trigger angiogenesis. Thus, we next investigated a dual tumor-targeting therapy by coating the surface of an oncolytic Ad expressing VEGF promoter-targeting transcriptional repressor (KOX), which can suppress VEGF expression, with PEGbPHF. We hypothesized that the generated KOX/PEGbPHF would target both the hypoxic tumor microenvironment and angiogenic tumor tissues.
To investigate whether KOX/PEGbPHF could abrogate VEGF expression in a pH-dependent manner, we infected U87 (10 MOI), U343 (2 MOI) and A549 (2 MOI) cells with naked KOX or KOX/PEGbPHF at pH 7.4 or 6.4. In our previous study, we have observed that U87, U343, and A549 cells VEGF at high levels [35] . After 48 h, the media were harvested and ELISA was used to examine VEGF expression (Fig. 4A) . In all three cancer cell lines, VEGF expression was more significantly reduced in cells infected with KOX/PEGbPHF at pH 6.4, versus cells infected with naked KOX at pH 6.4 or KOX/PEGbPHF at pH 7.4 (P b 0.05). These results demonstrate that KOX complexed with PEGbPHF can suppress VEGF expression in a pH-dependent manner. Next, we investigated whether KOX/PEGbPHF could inhibit cancer cell migration and vessel sprouting. As shown in Fig. 4B , infection of U343 cells with KOX/PEGbPHF at pH 6.4 inhibited migration (90.9%) more effectively than naked KOX at pH 6.4 (60.2%) or KOX/PEGbPHF at pH 7.4 (59.6%) (P b 0.01). Similarly, the migration of A549 cells was more significantly inhibited in cells infected with KOX/PEGbPHF at pH 6.4 (70.3%) compared to those infected with naked KOX at pH 6.4 (18.4%) or KOX/PEGbPHF at pH 7.4 (37.2%) (P b 0.05). Microvessel outgrowth was also more significantly attenuated in rat aortic rings treated with conditioned media from U343 cells infected with KOX/PEGbPHF at pH 6.4 (no sprout outgrowth; P b 0.05) than in those treated with naked KOX at pH 6.4 or KOX/PEGbPHF at pH 7.4 (Fig. 4C) . Taken together, these data suggest that the KOX oncolytic Ad is still functionally active after complexation with the PEGbPHF polymer. Furthermore, the complex shows a potent and pHdependent antiangiogenic effect that is dramatically stronger at a pH value that is lower than the physiological normal condition.
Enhanced cell killing and antitumor efficacies are elicited by oncolytic Ad/PEGbPHF nanocomplex
To further test whether KOX/PEGbPHF can kill cancer cells in a pHdependent manner and bypass the CAR-dependency of Ad cell entry, we performed MTT assays on CAR-positive (U87 and U343) and CARnegative (MCF7) cells infected with naked KOX or KOX/PEGbPHF at pH 7.4 or pH 6.4. As shown in Fig. 5A , naked KOX elicited effective cell killing in CAR-positive U87 and U343 cells but not CAR-negative MCF7 cells, indicating that it is a CAR-expression-dependent oncolytic Ad. In marked contrast, KOX/PEGbPHF at pH 6.4 induced significantly higher cancer cell killing in both CAR-positive and CAR-negative cell lines; we observed 65.6% (U87), 67.5% (U343), and 74.7% (MCF7) killing of cells infected with KOX/PEGbPHF at pH 6.4, compared with much lower values for naked KOX (U87, 25.9%; U343, 46.4%; and MCF7, 3.8%) and KOX/PEGbPHF at pH 7.4 (U87, 45.3%; U343, 58.6%; and MCF7, 13%). These data demonstrate that KOX/PEGbPHF can overcome the lack of CARs that is frequently observed in tumor tissues.
Serum proteins can have a substantial impact on the biological activity of Ad because of highly charged serum proteins. Thus, we evaluate the effect of serum on the stability of Ad by incubating KOX or KOX/ PEGbPHF in the presence and absence of 30% serum at pH 7.4 or 6.4. As shown in Fig. 5B , the cancer cell killing efficacy of naked KOX was significantly decreased by 24% and 30% in U343 and A549 cells, respectively, after incubation for 8 h in the presence of 30% serum (P b 0.001). In marked contrast, the serum did not significantly affect the cancer cell killing efficacy of KOX/PEGbPHF at both pH 7.4 and 6.4, demonstrating the stability of PEGbPHF-complexed Ad in the presence of serum.
We further assessed whether the sponge effect could be achieved by PEGbPHF-complexed Ad system. Chloroquine (CQ), a weak base that increases endosomal and lysosomal pH, causes endosome disruption. Thus, we have used CQ to evaluate the influence of endosomal escape on the overall gene delivery with naked Ad or Ad/PEGbPHF nanocomplex. As shown in Fig. S6 , the transduction efficiency of naked Ad was significantly increased by CQ, showing 49% (P b 0.01) and 91% (P b 0.01) increase at 5 and 20 μM of CQ concentration, respectively. These results are consistent with previous reports, where CQ was observed to increase the transduction efficiency of Ad [42] . In contrast, CQ did not change the transduction efficiency of Ad/PEGbPHF nanocomplex, revealing that this Ad/PEGbPHF complex may have its own ability for endosomal escape.
To evaluate the therapeutic value of KOX/PEGbPHF in vivo, we established U87 xenograft tumors in mice, and treated the animals with intravenous injections of PBS, KOX, or KOX/PEGbPHF. As shown in Fig. 5C , KOX/PEGbPHF elicited a significantly greater antitumor activity compared with PBS or KOX. At 22 days post-injection, the volume of the U87 tumor xenografts in mice treated with KOX/PEGbPHF was 520 ± 64 mm 3 ; this was significantly smaller than the corresponding values in the PBS-or KOX-treated control groups (1742 ± 84 mm 3 and 1535 ± 385 mm 3 , respectively; P b 0.05). These results suggest that the in vivo antitumor activity of KOX was significantly enhanced via systemic administration of KOX/PEGbPHF versus naked KOX oncolytic Ad. Together, our findings indicate that KOX/PEGbPHF provides a tumor-microenvironment-targeting vector system that can be delivered systematically and may be useful against both primary and metastatic lesions. The increased antitumor effect of KOX/PEGbPHF may reflect increased retention in blood circulation, since PEG can decrease non-specific liver uptake and avoid the reticuloenditherial system. Furthermore, the protonation of the imidazole ring in PEGbPHF in the low pH tumor microenvironment is likely to facilitate the preferential accumulation and rapid uptake of KOX/PEGbPHF into tumor cells. Ad E1A is a viral replication marker for immunohistochemistry, which detects Ad particles in tumor tissue. The Ad E1A immunohistochemistry results revealed that viral particles were more abundant in tumor tissues from mice treated with Ad/PEGbPHF compared to the KOX-treated group, providing additional evidence that KOX/PEGbPHF had a better tumor microenvironment-targeting ability than naked KOX (Fig. 5D) . Moreover, tumors from KOX/PEGbPHF-treated mice displayed larger necrotic areas and fewer viable tumor cells (as revealed by H&E staining) than the tumors of PBS-or KOX-treated mice. In parallel with these histological results, PCNA antibody staining revealed a dramatic decrease in tumor cell proliferation in tumors of KOX/ PEGbPHF-treated mice compared with PBS-or KOX-treated mice. Furthermore, we evaluated anti-angiogenic activity using CD31 staining in tumor tissue. The angiogenic activity was reduced noticeably, with 78.4% and 73.7% lower microvessel densities observed in the tumors of KOX/PEGbPHF-treated mice compared to those of PBS-and KOXtreated mice, respectively (P b 0.01) (Fig. 5E ). These results suggest that systemically delivered KOX/PEGbPHF suppresses the expression of VEGF, which is an important component of angiogenesis, thereby triggering potent antiangiogenesis.
To evaluate the liver and tumor tissue distribution profiles of KOX/ PEGbPHF, mice bearing subcutaneous U87 tumors were treated intravenously three times every other day with KOX or KOX/PEGbPHF (2 × 10 10 viral particle (VP)). At 24 h after the final injection, tumor and liver tissues were harvested and the DNA levels of the Ad genome were determined by real-time quantitative PCR (Fig. 6 ). Our results re- vealed that the liver uptake of KOX/PEGbPHF was significantly lower than that of naked KOX, as mice treated with the former showed 668.5-fold lower accumulation in the liver. In contrast, KOX/PEGbPHF accumulated at a 189.4-fold higher level in tumor tissues, compared to those of mice treated with naked KOX, resulting in a liver-to-tumor ratio that was 1.3 × 10 6 higher in mice treated with KOX/PEGbPHF versus those treated with naked KOX. As this ratio is an important indicator of the safety and therapeutic value of an agent, these results suggest that KOX/PEGbPHF may overcome the limitations of conventional Ad vectors with respect to hepatotoxicity and immunogenicity. Furthermore, the complexes are amenable to intravenous administration, which can be used to treat both primary and disseminated metastatic tumors.
In vivo safety profile of systemically injected Ad/PEGbPHF
Interleukin-6 (IL-6) is often used as a marker for the induction of the innate immune response against Ad. Here, we injected immunecompetent Balb/C mice with KOX or KOX/PEGbPHF and determined the levels of secreted IL-6 (Fig. 7A) . The serum levels of IL-6 in KOXinjected mice were 5.2-fold higher than those of PBS-injected mice, confirming that systemic injection of the naked Ad evoked a strong innate immune response. In contrast, no significant induction of IL-6 was observed among mice injected with either PEGbPHF alone or KOX/PEGbPHF. This suggests that coating the surface of the KOX oncolytic Ad with PEGbPHF can significantly prevent the innate immune response, possibly by masking the hexon and fiber proteins of the Ad.
To investigate the potential hepatotoxicity induced by systemic injection of KOX/PEGbPHF, serum alanine aminotransferase (ALT) and aspartate aminotransferase (AST) levels were measured (Fig. 7B ). Higher levels of both ALT and AST were detected in KOX-treated mice compared to PBS-treated mice (P b 0.05), whereas no elevation of ALT or AST was observed in mice treated with KOX/PEGbPHF. This indicates that the complexation of the oncolytic Ad with PEGbPHF significantly attenuated the risk of hepatotoxicity. This is in good agreement with our biodistribution study, which showed decreased liver uptake of KOX/PEGbPHF compared to naked KOX.
Taken together, our results demonstrate that systemic administration of KOX/PEGbPHF elicits enhanced antitumor effects and shows a better safety profile compared to naked KOX. This reflects the preferential tumor accumulation of KOX/PEGbPHF, which arises through its ability to target specific tumor microenvironments, the tendency of cancer cells to support active viral replication, the potent antiangiogenic effects of the loaded agent, the reduced liver uptake of KOX/PEGbPHF, and its ability to avoid triggering an immune response. We believe that stimulus-responsive polymers, such as PEGbPHF, will support the further development of target-specific platforms for tumor-selective oncolytic therapies.
Conclusion
Hypoxic tumor microenvironment-targeting hybrid nanoparticle delivery systems have shown potential as a novel therapeutic strategy, but had not previously been investigated in detail. Here, we generated KOX/PEGbPHF, an oncolytic Ad coated with the pH-responsive polymer, PEGbPHF. This hybrid vector was designed to treat both primary and metastatic tumors via the ability of the polymer to target the acidic tumor microenvironment, followed by the rapid tumor cellular uptake, active viral replication, and potent antiangiogenic effects of oncolytic Ad. The KOX/PEGbPHF complex exhibited better cellular uptake, cancer cell killing effect, and antiangiogenic effects at pH 6.4 compared to normal physiological condition (pH 7.4). Systemic administration of oncolytic Ad/PEGbPHF markedly suppressed tumor growth and tumor-specific viral replication in a mouse xenograft model. Additionally, the surfacemasked PEGbPHF allowed Ad to avoid host immune responses and liver accumulation. The tumor-to-liver ratio (a therapeutic index) of Ad/PEGbPHF was significantly increased by 1.3 × 10 6 -fold compared to that of naked Ad in our model. Collectively, these results demonstrate for the first time that Ad/PEGbPHF is pH-responsive and targets the hypoxic tumor microenvironment, and could be a safe and effective means for delivering hybrid therapeutic Ad vectors via systemic administration. 
